To determine the mechanism of the decrease in stroke volume during loaded breathing, we noninvasively measured the effects of inspiratory threshold loading on relative left ventricular end-diastolic volume, end-systolic volume, and stroke volume in a group of 15 normal subjects using radionuclide ventriculography gated for both the cardiac and the respiratory cycles. 
ANIMAL AND HUMAN STUDIES have shown that left ventricular stroke volume is reduced during inspiration. When pleural pressure changes are increased during inspiration, such as they are in patients with asthma or during breathing against a resistive load, inspiratory stroke volume decreases further,`but the mechanism of this reduction is not clear. Two general categories of explanations for the decrease in stroke volume have been proposed. The first postulates a decrease in end-diastolic volume due to decreased pulmonary venous return and the second explanation postulates an increase in end-systolic volume due to an impediment to left ventricular ejection caused by the negative pleural pressure. 5 6 To determine the mechanism of the decrease in stroke volume during loaded breathing, we noninvasively measured the effects of inspiratory threshold loading on relative left ventricular end-diastolic volume, end-systolic volume, and stroke volume in a group of 15 normal subjects using radionuclide ventriculography gated for both the cardiac and the respiratory cycles.
Population. Fifteen male volunteers who were from 18 to 33 years old were recruited, interviewed, examined. and found to be free of pulmonary. cardiovascular, or other disease. The study protocol was approved by the Johns Hopkins Committee on Human Investigations and informed consent was obtained from each subject before the study.
Inspiratory threshold loading. Figure 1 is a schematic diagram of the inspiratory threshold loading system used in this study. The inspiratory threshold valve consisted of a closed chamber with a weighted plunger. Each subject had to Since it was the purpose of our study to examine the effects of pleural pressure on left ventricular function, we used only those beats in which systole was initiated at near peak negative mouth pressure. Since the fall in mouth and pleural pressure took 200 to 300 msec after the respiratory gate was closed, some beats may have occurred during a fall in lung volume, but during the period when pleural pressure was negative.
Protocol. The study was performed according to the following protocol: Stage I: A 6 min baseline study was performed in subjects during quiet breathing and results were used as the control data. Stage II: Each subject was instructed to breathe through the threshold load l to 2 min to become accustomed to the system. After a short rest period, a 10 min double-gated radionuclide ventriculogram was acquired while the subject was breathing against the load. Inspiratory time as a fraction of the total respiratory cycle time tended to decrease with the load, leading to a period of data accumulation of at least 2 to 3 min, which is sufficient time for data acquisition. 12 Two measurements each of heart rate, blood pressure, and pulsus paradoxus, defined as the respiratory variation of systolic blood pressure, were made during both stages with an arm cuff and a mercury sphygmomanometer.
Data acquisition and processing. Regions of interest over the left ventricle were constructed separately for end-diastole and end-systole for both the stage I and stage II data acquisitions. Regions of interest were automatically drawn for enddiastole (region 1), end-systole (region 2), and background (region 3) by a previously described technique. 13 End-diastole was defined as the frame occurring immediately following the r wave. End-systole was selected as the frame with the minimum counts following end-diastole. A reference sample consisting of a shielded source of 99mTc-labeled red blood cells positioned distant from the heart was used to normalize counts for acquisition time and isotope decay. Ejection fraction (EF) was calculated from the background-corrected end-systolic and end-diastolic counts as follows: (2) Counts coming from the left ventricle and corrected for background, acquisition time, and isotope decay were used to measure relative left ventricular volume. Results were expressed as a change from control in the same subject in order to minimize the effect of subject-to-subject variations in attenuation.
Statistical analysis. Normalized end-systolic, end-diastolic, and stroke counts, and ejection fraction, heart rate, systolic blood pressure, and pulsus paradoxus during loaded breathing were compared with those during quiet breathing with Student's t test for paired variates. Statistical significance was inferred when p was less than .05.
Results
A representative normalized time-activity curve for the control and loaded conditions shows an increase in end-systolic counts without a change in end-diastolic counts (figure 4). End-diastolic, end-systolic, and background counts obtained in the subjects are presented in table 1 and expressed as a percent change from control (figure 5). Considering a 12% change in counts to be significant, end-diastolic counts decreased in four subjects, rose in three subjects, and were not clearly changed in eight subjects. In the subjects as a group there was no statistically significant change in end-diastolic counts. Mean end-systolic counts increased by 17 .8% (p < .05). There was a mean decrease in stroke counts of 9.6% (p < .02) and background counts increased by 4 .2% (p < .05). Figure 6 illustrates left ventricular ejection fraction during control and loaded breathing. In each of the 15 subjects ejection fraction decreased; the mean decrease was from 64% to 59% (p < .001).
Results for heart rate, blood pressure, and pulsus paradoxus are illustrated in figure 7 . There was no statistically significant change in heart rate or endexpiratory systolic or diastolic blood pressure. Pulsus paradoxus was not measurable with the cuff technique during quiet breathing but averaged 20 mm Hg during loaded breathing (p < .001).
Discussion
The results of this study indicate that inspiration against a threshold load decreases relative left ventricular stroke volume and ejection fraction primarily as the result of an increase in end-systolic volume without any concomitant change in end-diastolic volume.
In general, there are two potential mechanisms for a decreased stroke volume -a decrease in end-diastolic volume or an increase in end-systolic volume. A decrease in end-diastolic volume may be attributable to a phase lag in respiratory variation of systemic venous return,t4 primary pooling of blood in the lung during inspiration,t5 or the mechanism of ventricular interdependence whereby the filling of the left ventricle is impeded by the distension of the right ventricle. 16 ' 4 22, 32 We also noted in our study that there was a significant, albeit small, increase in background counts with loaded inspiration. Background counts reflect the amount of blood per unit of lung volume measured adjacent to the left ventricle.23 24 We did not measure end-expiratory lung volumes during this study; however, it seems likely that our inspiratory loading study was performed at lung volumes the same or higher than those at control. If this were the case and there were no changes in pulmonary blood volume, then we would have expected background counts to fall during inspiration. In fact, the opposite occurred, indicating an increase in pulmonary blood volume. There are three possible mechanisms for the increase in pulmonary blood volume with inspiration: an increased inflow to the lung from the right ventricle, decreased outflow from the lung to the left ventricle, or both. A number of studies have demonstrated that inspiration is associated with an increase in right ventricular stroke volume. 4 25-27 The effects of inspiration on pulmonary venous return have been much less well researched. It has been reported that during spontaneous inspiration, pulmonary venous return usually increases,28 29where-as under conditions of cardiac tamponade it decreases. 30 Thus, the mechanism of elevated pulmonary blood volume can be accounted for at least partly by an increased inspiratory inflow from the right ventricle. An additional factor may have been an increase in transmural left ventricular filling pressure." 22 There is also a question of whether the increased pulmonary blood volume is due to primary po6ling of blood in the lung, which further exaggerates the inspiratory fall in stroke volume. This appears not to be the case since the greatest increases in pulmonary blood volume are not associated with the greatest falls in end-diastolic volume.
Our finding that inspiration against a load decreases left ventricular stroke volume during inspiration has been previously reported in the literature" 2.4 and correlated well with our observed inspiratory decrease in pulse pressure during loaded breathing. Although there has been general agreement on It'is possible, then, that the variation in the findings of these studies was due to alterations in the geometry of the ventricles during respiration that were not accounted for by the techniques used. The technique used in our study requires no assumptions about the shape or geometry of the ventricle with respiration. The major assumptions necessary for use of our technique are that the radioactive counts over the left ventricular region of interest are proportional to blood volume and that attenuation of gamma rays does not vary during the study.
The findings of this study have clinical relevance in several different settings. First, they may explain the presence of paradoxical pulse in patients with severe asthma in whom negative swings in pleural pressure are markedly accentuated. A similar degree of negativity of pleural pressure accompanies inspiration during obstructive sleep apnea and may impair left ventricular function in patients with that condition. Moreover, the reduced lung compliance and hyperpnea of acute left ventricular failure could contribute even further to the deterioration of the patient's cardiac status through negative pleural pressure swings. In contrast, the salutary effect of positive pressure ventilation in cardiogenic pulmonary edema may, in part, be due to elevation in pleural pressure.38 39 Since loaded inspiration acts on the left ventricle mainly by impeding emptying, it could possibly be used as a controlled stress on the left ventricle. Scharf et al. 40 have used the Mueller maneuver as a controlled stress to demonstrate the presence of abnormal wall motion in patients with coronary artery disease. The putative advantage of our technique is that a sudden fall in pleural pressure would be analogous to a sudden increase in aortic pressure. The sudden imposition of this load would allow study of the ventricular response before reflex or mechanical adaptation could occur.
Thus, loaded breathing might be used as a simple and safe method of subjecting the heart to controlled stress as a diagnostic tool in the evaluation of left ventricular pressure-volume relationships. We would expect subjects with impaired ventricular function to have greater increases in end-systolic volume during loaded inspiration.
In summary, then, our findings suggest that the fall in stroke volume that occurs during loaded inspiration is due to a transient impediment to left ventricular ejection. The use of respiratory maneuvers may provide a useful controlled stress on the left ventricle for diagnostic purposes.
